The genome of an Australian isolate of equine herpesvirus type 1 (equine abortion virus) has been analysed using the restriction endonucleases EcoRI, BglII and BamHI, and a physical map constructed. Terminal fragments were identified by exonuclease treatments, and linkage of fragments was deduced by a combination of single-and double-digest experiments and cross-blot hybridizations. The genome has a mol. wt. of 100 x 10 6 and is comprised of a short unique region bounded by repetitive sequences, which is present in both orientations in approximately equal amounts in the DNA population, and a long unique region existing in only one orientation.
INTRODUCTION
The genomes of a number of herpesviruses have been analysed by restriction endonuclease mapping, some examples being herpes simplex virus types 1 and 2 (Hayward et al., 1975; Wilkie & Cortini, 1976; Clements et al., 1976; Skare & Summers, 1977; Cortini & Wilkie, 1978) , pseudorabies virus (D. J. Powell, personal communication; Ben-Porat et al., 1979) , channel catfish virus (Chousterman et al., 1979) and human cytomegalovirus (Weststrate et al., 1980) . Restriction mapping of the herpes simplex virus type 1 genome essentially confirmed the results of electron microscopic studies (Sheldrick & Berthelot, 1974) . The genomes of herpes simplex virus types 1 and 2 and human cytomegalovirus comprise a long and a short unique sequence each flanked by inverted repetitions, the pseudorabies genome consists similarly of a long and a short unique sequence but with only the latter bounded by inverted repetitions, and the genome of channel catfish virus comprises a single unique sequence bounded by direct repetitions (for review, see .
From physicochemical studies, the mol. wt. of the DNA of equine herpesvirus type 1 was estimated to be 92 x 106 to 93.8 × 10 6, with a base composition of 56% G + C (Soehner et al., 1965; Darlington & Randall, 1963) . We now present an analysis of the DNA of an equine herpesvirus (EHV-1) isolated in New South Wales by M. Sabine (personal communication) , and physical maps of the genome for EcoRI, BglII and BamHI. The mapping of EHV-1 DNA was based on analysis of single-and double-restriction endonuclease digests, identification of terminal fragments by treatment with exonuclease III, and two-dimensional (crossblot) hybridization of DNA fragments produced by the three restriction endonucleases.
0022-1317/81/0000-4747 $02.00© 1981 SGM Radioactive labelling ofDNA. A 0.1 to 0.2 gg amount of virus DNA was 'nick-translated' (Rigby et al., 1977) by incubation in a 20 gl reaction mixture containing all four deoxynucleotide triphosphates (2.5 gM) (Amersham International) each at a specific activity of 400 Ci/mmol, NT buffer (0.05 M-tris-HC1 pH 7-8, 0-005 M-MgCI 2, 0-001 M-dithiothreitol, 0.05 mg/ml bovine serum albumin), 0.2 gl DNA polymerase I (BoehringerMannheim). During initial experiments DNase I (Worthington) was also included, but it was found that the yield of the largest restriction fragments was poor when analysed in gels. The omission of DNase I from the nick-translation reaction gave satisfactory labelling of all fragments. Where necessary (e.g. for use as markers in recleavage experiments) unincorporated [32p]deoxynucleotide triphosphates were removed by elution through a Sephadex G50 or G75 column with 0.002 M-EDTA, 0.02 M-tris pH 7.5. The specific activity of the labelled DNA was generally 1 x 107 to 2 x 107 ct/min/gg DNA.
For 'cross-blot' hybridization experiments, 1 gg DNA was labelled and the concentration of DNA polymerase I increased accordingly.
Agarose gel electrophoresis. Solutions containing 0-3 to 0.7 % agarose (Type 1, Sigma) in E buffer (0.04 M-tris, 0.03 M-NaHEPO4, 0.001 M-EDTA) and 0-5 gg/ml ethidium bromide were poured to form thick (5 to 7 ram) slab gels on horizontal glass plates (265 x 162 x 3 mm). DNA samples were loaded into 100/A wells, and electrophoresed at 30 to 40 V for 16 to 24 h in E buffer also containing 0.5/tg/ml ethidium bromide. DNA bands were located either by photography in u.v. light using Polaroid film or by autoradiography of dried gels using X-ray film.
For isolation of individual DNA bands, 1 to 2/~g DNA was electrophoresed in 0-5% agarose gels in 10 mm diam. tubes (210 mm long).
Isolation of DNA fragments. DNA bands were sliced out of tube gels, agarose dissolved in 5 M-sodium perchlorate and DNA eluted at 60 °C from 200/A columns of hydroxylapatite (Bio-Gel, Bio-Rad) with 0.4 M-sodium phosphate buffer pH 6.8 after two washes with 0-14 M-sodium phosphate buffer pH 6.8. The 0.4 M-phosphate eluate was dialysed against 0.01 M-KC1, 0.01 M-tris, 0.001 M-EDTA prior to use in recleavage experiments.
As an alternative method, DNA was electrophoresed in low melting temperature agarose (Seaplaque Agarose, Seakem, Rockland, U.S.A.), gel slices containing DNA fragments melted at 65 °C, followed by cooling to 38 °C for use directly in recleavage experiments. The gel buffer used was 0-04 M-tris-acetate pH 7.7, 0.02 M-sodium acetate, 0-001 M-EDTA.
'Cross-blot' hybridization. Southern blot transfers (Southern, 1975) in two dimensions and conditions for hybridization were modified from the method of Hutchison (see Sato et al., 1977) . For the first dimension 10/~g of digested DNA was electrophoresed in wide bands spanning the whole width of the gel, denatured by soaking in 0.6 M-NaOH, 0.6 M-NaC1 for 1 h at room temperature followed by neutralization in 1 M-tris-HC1 pH 8, 0-6 M-NaC1, for at least 1 h. Transfer of DNA was carried out by blotting on to a nitrocellulose sheet (Schleicher and Sch/ill BA85) with 6 × SSC (0.9 M-NaC1, 0-09 M-trisodium citrate) overnight at room temperature; the nitrocellulose-containing DNA bands were then dried for at least 2 h in a vacuum oven at 70 °C. For the second dimension this sheet was placed at right angles across a (denatured) second gel containing wide bands of 32p-labelled DNA fragments, produced either by the same enzyme as for the first dimension, or by a second enzyme. The second blot transfer was carried out in a hybridization solution of 55 % formamide, 5 x SSC, Denhardt buffer (Denhardt, 1966) (0.02% Ficoll, 0.02 % BSA, 0.02% polyvinylpyrrolidine) and 5 to 10/lg/ml denatured calf thymus DNA. Prior to starting the transfer the denatured gel was preincubated in hybridization solution for about 30 min at 37 °C, and all filter paper wicks and the DNA-nitrocellulose sheet pre-soaked in the same buffer. The whole blot container was wrapped in thin cellulose wrap ('Cling-Film') to minimize evaporation of buffer, and kept for 24 to 48 h at 37 °C.
The DNA-nitrocellulose sheet was then washed extensively in 3 × SSC containing 0-1% SDS, dried firstly at room temperature for a few hours and secondly at 70 °C for 30 min; the sheets were then exposed to X-ray film for between 1 and 10 days. Interpretation of the cross-blot hybridization photographs was facilitated by taking a 1 to 2 h exposure of the 3ZP-labelled second dimension gel (wrapped in Cling-Film) before the cross-blot stage. The tracks from this film could then be aligned on the cross-blot films to identify bands in the second dimension.
DNA infectivity assay. EHV DNA was assayed for infectivity on BHK-21 cells by the calcium phosphate technique (Graham & Van der Eb, 1973 ) with a dimethyl sulphoxide (DMSO) boost as described by Stow & Wilkie (1976) .
RESULTS
EHV-1 DNA purified by rate-zonal centrifugation on CsCl/ethidium bromide gradients was found to be infectious in BHK-21 cells, specific infectivities being 103 p.f.u.//~g at 38 °C and 2 × 103 p.f.u.//~g at 31 °C. These values were similar to those concurrently obtained for herpes simplex virus type 1 DNA, and were evidence that the DNA represented the whole EHV-1 genome. The digestion products of DNA from cell-released EHV-1 with ten restriction endonucleases are shown in Fig. 1 . Identical patterns were obtained with such DNA further purified by rate-zonal centrifugation, and with DNA from cell-associated virus.
Analysis ofEcoRI, BglH and BamHI digests EcoRI and BglII were chosen for initial physical mapping studies because of the relatively low numbers of relevant cleavage sites in the genome, and the presence of some high mol. wt. digestion products; a third enzyme, BamHI, was selected to confirm the EeoRI and BgIII maps as most bands were clearly separated on gels, and because fragments created by cleavage with this enzyme could be of value in future molecular cloning experiments. DNA bands visualized in agarose gels were assigned letters in alphabetical order in descending order of tool. wt. (Fig. 2) , and densitometric traces of gels used to calculate the fractional mass of DNA in each band, and hence the relative molarity ( Table 1 ). The calculated relative molarities in general agreed well with those expected from the physical maps subsequently obtained.
Terminal DNA fragments
In order to identify those bands which represented or contained terminal fragments, the DNA was incubated with exonuclease III and then digested with a restriction enzyme. This resulted (Fig. 3 ) in the disappearance of Bg/II a (the majority of which failed to enter the gel), EeoRI e, f and j, BamHI t and j, and an increase in mobility of BgIII k (shown by decreased intensity of BgIII klm). Other BamHI bands affected werefg and qrs. Incubation with higher concentrations of exonuclease III resulted in general degradation of the DNA. Two bands of tool. wt. 10.5 x 10 6 and 8.6 × 10 6 clearly disappeared from the BgIII + EeoRI double-digest pattern and some material was also removed from the region of 2.7 × 10 6. 
R ecleavage experiments
Autoradiographs of reciprocal recleavage experiments with EcoRI and BgllI are shown in Fig. 4 . The sum of the estimated mol. wt. of recleavage products generally agreed well with the mol. wt. of the intact fragment. Where bands consisted of more than one fragment (e.g. EcoRI ghi) the recleavage products were assigned to their intact fragment on the basis of mol. wt. summation, and any ambiguities resolved during construction of the maps. Some fragments, e.g. BgllI b, were not cleaved by EcoRI, indicating that the fragment was located totally within EcoRI cleavage sites. Where the combined mol. wt. of recleavage products were less than the estimated mol. wt. of the intact fragment, an additional fragment was predicted, e.g. B a m H I a was cleaved by BgllI into three fragments whose combined mol. wt. were 1 × 10 6 less than B a m H I a; a fourth fragment (x) was provisionally included as a recleavage product. Subsequent mapping supports the existence of this fragment. The results from all sets of recleavage experiments are shown in Table 2 , together with the linkage of double-digest fragments (arranged in order from left to right as subsequently deduced from mapping). Further information was obtained from cross-blots using the same restriction endonuclease digest in each dimension. Fig. 6 (a) (Bg/II) clearly shows the expected diagonal array of spots, but lacks any outlying spots which would indicate repetitive regions. The EcoRI cross-blot (Fig. 6 b) showed, however, an array of nine spots produced by hybridization of b, cd and ef. This indicates the presence of repetitive sequences within these fragments. Other data suggested that these repetitive sequences are contained completely within BgIII a, and, therefore, Fig. 5 (a) shows only the diagonal array of spots. The EeoRI cross-blot (Fig. 6 b) showed preferential hybridization of EeoRI k to l rather than to k. This apparently aberrant homology, based on the deduced restriction maps, was not supported by other cross-blots Table 3 .
Cross-blot hybridizations
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Construction of physical maps
All the information necessary to construct the maps is contained in Tables 1, 2 (a, b, c) and 3 and in the results of exonuclease III experiments; reference to the linkage maps in Fig. 7 will assist in following the arguments used to order fragments. Where bands contained multiple fragments which could not be differentiated from each other by mol. wt., letters were arbitrarily arranged in alphabetical order from the left-hand end of the genome (e.g. BglII fragments k and 1 from band klm). Mapping of the linkage of EcoRI and BgIII fragments will be described in some detail, while for the sake of brevity, description of the EcoRI/BamHI and BglII/BamHI analyses will be confined to regions which resolve uncertainties or are considered to be of particular interest, such as those containing repetitious sequences.
EcoRI/BglII linkage map
From exonuclease III digestion, BgIII a was clearly identified as a terminal fragment, and as such, was an appropriate starting point for construction of the maps, from the right-hand end of the genome. BgIII a was further cleaved by EcoRI into five fragments, identified by mol. wt. and hybridization data as EcoRI bands b, cd, efand k.
The estimated mol. wt. of BgIII a from markers was 27 × 10 6, whereas summation of cleavage fragment mol. wt. gave almost twice this value. The four highest tool. wt. fragments of this recleavage appeared to be present as half-molar fragments in the double-digest. Therefore, the recleavage result could be explained if the sequences present in this region were present in two orientations in roughly equimolar amounts. EcoRI f and c were assigned to terminal positions on the basis of exonuclease III results (Fig. 3) and their mol. wt. This would also explain the disappearance of two bands of equivalent mol. wt. from the exonuclease III-treated double-digest (Fig. 3) . The sum of EcoRI fragments f + k + b or c + k + din each case has a mol. wt. of 26.5 × l06 and from these results, together with data from the EcoRI 'homologous' cross-blot hybridization and the presence of 0.5 M fragments in single-and double-digests, the EcoRI fragments arising from BglII a must have the arrangement shown at the right-hand end of the genome in Fig. 7 . The blocks have been drawn to indicate the EcoRI l also hybridized to BgllI e with which it had a 2.5 x 106 to 2.6 x 106 mol. wt. recleavage product in common, locating BgllI e next to m. BgllI e also hybridized to EcoRI ef; since f is a terminal fragment, EcoRI e was mapped adjacent to/. This assignment was supported by a common double-digest product of 4.4 x 10 6 to 4.5 × 106 mol. wt. EcoRI band ef hybridized to BgllI a, e, i and n, Since BgllI a includes the terminal fragment EcoRIfbut not e, the other BgllI fragments e, i and n must be linked to EcoRI e. BgllI n was not cut by EcoRI and so lies entirely within EcoRI e, between BgllI e and i. BgllI i also hybridized to EcoRI a with a common double-digest product of 2.5 × 106 to 2.6 × 106 mol. wt. locating EcoRI a adjacent to e.
The large fragment EcoRI a hybridized to BgllI b, gh, i and o of which b, g and h were not recleaved by EcoRI, and, therefore, these lie totally within EcoRI a. It was not possible to order these fragments within EcoRI a from these data, but the order shown was confirmed by subsequent BgllI/Bam mapping (see below). BgllI o hybridized with and had a common recleavage product of mol. wt. 1.0 x 10 6 to 1.1 × 106 with EcoRI band ghi; one of these EcoRI fragments, i, was assigned to its location next to EcoRI a. The EcoRI band ghi had a large number of hybridizing spots and double-digest products, and was one of the most difficult bands to analyse. The EcoRI i fragment was linked by hybridization and a 5-6 x 10 6 to 5.7 × 106 mol. wt. recleavage product to BgllI c and was mapped adjacent to EcoRI i. EeoRI p mapped next to EcoRI i, being totally within BgllI c, and EcoRI h was located adjacent top, having a double-digest product of mol. wt. 2.6 × 106 to 2.7 x 10 6 in common with BgllI c; hybridization data were consistent with these assignments. BglII l was not cut by EcoRI, was of similar mol. wt. to a double-digest product (2.6 x 10 6 to 2.7 × 10 6) from EcoRI ghi and was mapped within EcoRI h adjacent to BglII c.
BglIIj hybridized with EcoRI klm and ghi and was linked to EcoRI h and m by common double-digest products of mol. wt. 1.2 x 10 6 to 1.3 × 10 6 and 2.7 x 10 6 to 2.8 × 10 6 respectively. EcoRI m was linked to BglII d by a low mol. wt. recleavage product (0.4 x 10 6 to 0.6 × 10 6) although no hybridization spot was seen. The location of BglII d adjacent to j was subsequently confirmed by BglII/BamHI analysis of this region. BglII d hybridized to EcoRI ghi and n, an uncut fragment, which therefore was sited between EcoRI rn and g. The only unassigned EeoRI band ghi recleavage product was a fragment of mol. wt. 0.5 × 10 6 and its only unassigned hybridization spot was to BgllI f, which was therefore linked to EcoRI g, adjacent to BglII d; this was supported by the presence of a product of similar tool. wt. (0.6 x 10 6) from EcoRI recleavage ofBg/II ef.
BgIIIfhybridized to EcoRI g, o and j, and since o was not recleaved by BglII, EcoRI o lies within BgIII f and adjacent to EeoRI g. The left-hand terminal fragment is known from exonuclease III data to be EcoRI j, which hybridizes with BglII f, shares a double-digest product of mol. wt. 3.5 × 10 6 to 3.6 X 10 6 and maps adjacent to EcoRI o. This completes the EcoRI map.
The BgIII map is completed by the fragment k from BglII band klm, which hybridizes to EeoRIj and is of similar tool. wt. (2.6 × 10 6) to a double-digest product from EcoRIj. Close inspection of exonuclease III gels (Fig. 3) confirms that a component of BgIII klm did have altered mobility after exonuclease treatment, an observation which is consistent with this location for k. This completes the linkage maps for both EcoRI and BglII (Fig. 7 a) .
BgllI/BamHI linkage map
BamHI and BglII fragments were ordered by similar reasoning to that used for the EeoRI/BglII analysis, and the linkage map is shown in Fig. 7(b) . The order of BglII fragments from the EeoRI/BglII analysis was confirmed by the BglII/Bam analysis, with some additional refinements. Recleavage and hybridization experiments revealed that the BglII fragments g, b, h are in order g-b-h. The cleavage sites at the right-hand end ofBg/II g and BamHI a appear to be very close. The data suggest that a small unidentified fragment BgIII x resides between BglII g and b. Further analysis of small tool. wt. fragments would be required to resolve this uncertainty.
The BamHI fragments d, n, p, q and r cannot be ordered within the BgIII a terminal fragment from the BglII/BamHI analysis; all these fragments, however, were ordered from the BamHI/EcoRI analysis (see below). The assignment of BglII d next to j from EcoRI/BglII recleavage data was confirmed by hybridization of BamHI m to both BglII d andj (the other fragment n in BamHI band mn was contained in BgllI a).
BamHI/EcoRI linkage map
The same approach was used to link the fragments created by BamHI and EcoRI, and the complete linkage map is shown in Fig. 7(c) . Only details of the mapping of previously unordered BamHI fragments will be given here, as follows: BamHI d, n, p, q and r all hybridize to BgllI a, which spans the two repeated and the short unique sequences of the genome. EcoRI k (in the short unique region) shares common sequences with BamHI d and mn, of which m was mapped in the long unique region. In one of the two configurations of the genome EcoRI f is cleaved by BamHI into three 2.8 × 106 mol. wt. fragments, one of which is the terminal fragment BamHI s, and another of which is the common recleavage product from BamHI n. This locates the third 2.8 × 106 mol. wt. fragment (BamHI r) between BamHI s and n, within the terminal repeat sequence. BamHI r will be present in the same location in both orientations of the genome.
An identical fragment to BamHI r must also lie within the internal repeated sequence, and this fragment BamHI q from qrs was mapped on the right of BamHI e. The observed hybridizations of BarnHI qrs are consistent with these map locations. The only unassigned fragment, BamHI p, is contained within EcoRI bands b and cd on the basis of recleavage data, and maps in one orientation between BamHI q and d, and in the other orientation between d and r, spanning the junction of unique and repeated sequences in the same way as BamHI n.
When the short unique region inverts, the positions of the BamHI cleavage sites change, but those sites within the repeated regions do not. Therefore, the same BamHI fragments n, d and p are produced in both configurations of the genome and no 0.5 M fragments are produced with BamHI, in contrast to the results for EcoRI where b, e, d and fare all 0.5 M fragments. BamHI/BamHI 'homologous' cross-blots were not done, but would be expected to show spots outside the diagonal array due to hybridizations between bands e, mn, op and qrs.
The three linkage analyses of EcoRI/BgllI, BgllI/BamHI and BamHI/BgllI were entirely consistent with each other; the cleavage sites from these analyses were aligned on to the one scale and the resulting physical maps for the three enzymes are shown in Fig. 8 , along with mol. wt. and kilobase scales. The total mol. wt. of the EHV-1 genome derived from the sum of the fragments arranged in this way is 100.2 x 106. Sheldrick, personal communication) . An important conclusion is that the short unique region is present in two orientations in the population of EHV-1 DNA molecules. Each arrangement appears to be present in roughly equal amounts (i.e. 50% of each). Such sequence inversions have also been found for herpes simplex virus types 1 and 2, pseudorabies virus and cytomegalovirus. Furthermore, EHV-1 is similar to pseudorabies virus in that no evidence (such as the presence of 0.25 M fragments) was found for inversion of the L region. This contrasts with the findings for herpes simplex virus types 1 and 2, in which both L and S regions invert and are bounded by repetitive sequences. The restriction endonuclease analysis did not reveal repetitive sequences elsewhere in the EHV-1 genome, other than those bounding the short unique region. The resolution of this analysis was not fine enough to elucidate terminal loopback at the end of the L region suggested by electron microscopic studies (P. Sheldrick, personal communication) .
The molecular biology of EHV-1 strains to date has included characterization of polypeptides of the virus and nucleocapsid (e.g. Perdue et al., 1974; Killington et al., 1977) . Certain virus-specified functions have been identified, including a DNA polymerase (Allen et al., 1977) and thymidine kinase ; the latter function has been stably transferred to cells lacking thymidine kinase by DNA transfection . Cohen et al. (1975) showed that different classes of EHV-1 transcripts differed in abundance in a fashion similar to that of herpes simplex virus type 1. The availability of physical maps for EHV-1 DNA is a significant step towards relating these virus-specified polypeptides and functions to defined regions of the genome, as has been possible for herpes simplex virus (e.g. Morse et al., 1978; Marsden et al., 1978) . The maps are also of value for studying genetic relationships between herpesviruses, and as a basis for the molecular epidemiology of equine herpesviruses. With regard to the latter, several abortigenic isolates of EHV-1 have been shown to have the same restriction enzyme digest patterns of DNA fragments as the isolate described here, while a completely different but also characteristic pattern was found for a number of respiratory isolates (Sabine et al., 1981) ; restriction enzymes can, therefore, be used to unambiguously differentiate between the abortigenic and respiratory subtypes of EHV-1.
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